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The Quantized Harmonic Oscillator
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Non-Classical States

Quantum States

Gaussian States

squeezed states

Classical States Non-Classical

thermal states States

sal Tl S (e Non-Gaussian States

Fock states
cat states

NB: non-Gaussian classical states are possible https://arxiv.org/pdf/1411.5648.pdf
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Coherent State vs. Number State Representation

Glauber-Sudarshan P representation: Coherent state:

p= [P (aia p = oo (ool
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In the Fock state basis:
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Walls & Milburn, Quantum Optics, Ch. 4
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Wigner Function

W (o) =

- /eXP(n*a—na*)x(n)dzn

x(1) = Tr{pen« —n"a}

https://igst.ca/quantech/wiggalery.php
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https://arxiv.org/pdf/1111.0786.pdf

The photodetection probability in term of the creation/annihilation operators
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Mandel and Wolf - Optical Coherence and Quantum Optics (1995)


https://arxiv.org/pdf/1111.0786.pdf
https://iqst.ca/quantech/wiggalery.php
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Classical bounds from Cauchy Schwarz inequality

g - (S4)=< Srie ey o LDIO2
( VO = Saed
s %(’0(79 s %(Z)U)) Semee %(0 (tsw)= ) = %m(o)a |

Fe/l l {@\.JAA %m = <a bbu> <
EASPE RTINS “%d %

Projector for photon counting
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Using photons to create and detect single phonons
Laser

[
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Goals and outline

)
NNSNSN |

Can we use coherent (laser) light and single photon detectors
F— to reveal non-classical properties of a mechanical oscillator?

1. The thermal state of the harmonic oscillator
2. Interaction of light with a collective oscillation
/l 3. Two-mode squeezing interaction
4. Projective measurement and conditional Fock state
5. State readout: subpoissonian statistics
6. From single phonons to entangled states
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The Thermal State  (chookte equ)
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Thermal occupancy
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The Bose-Einstein distribution
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Single vs. Multi-mode thermal statistics

D Photon-photon correlations N modes:
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Thermal Statistics of the Phonon Mode
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Interaction of light with a moving boundary
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Interaction of light with an internal vibration

e ()
ind\Av
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) 1930 dPina/dxy
C.V. Raman Raman polarizability
R Laser
man r
aman spectroscopy Stokes anti-Stokes
M —
w;Qm w +Qp, F’requency

E.C. Le Ru and P. G. Etchegoin, Principles of Surface-Enhanced Raman

Derek A. Long, The Raman Effect — A Unified Treatment of the Theory of
Spectroscopy and related plasmonic effects, Elsevier , 2009

Raman Scattering by Molecules, 2002 Christophe Galland, September 2019 15

Coupled Oscillators: Normal Modes

Raman cross-section
H,0 110 TH 54 TH 105 TH
2 z g g ~1072% cm? per C-C bond
o o ® o

® N
@
mode A mode B mode C A %‘

scattering probability is
< 102" per incoming photon

& oo

E.C. Le Ru and P. G. Etchegoin, Principles of Surface-Enhanced Raman

Derek A. Long, The Raman Effect — A Unified Treatment of the Theory of
Spectroscopy and related plasmonic effects, Elsevier , 2009

Raman Scattering by Molecules, 2002, .\ o Galiand, October 2019 16
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Coupled Oscillators: Normal Modes

Q@5@e @5 @e
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Acoustic phonons ‘N“" \\\ Optical phonons
[Hz to GHz] (§ [1—50 THZ]
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T. von Foerster and R. J. Glauber, Phys. Rev. A 3 1484 (1971)

Cohen-Tannoudji, Diu, Laloe Quantum mechanics vol. 1, Ch. V, complement | .
Christophe Galland, October 2019 18



16/10/2019

Collective Vibrational Modes

/\/\/

(Y
(cowne))

(@)
(@)

(D)
(cowne))
(c®mwe 1)
(Y
(D)
(@)
(@R D)
(¢ owme))
(comwe))
(c@mme 1)
(D)
(cowne))
(D)
(cowne))
(c@mme 1)

= iqx -k
@u_am(m)eo( wechanical wraves © 0 w(x, €) = ’ZL ( l) iq )-e L\(‘,) (b blal
S \/\P——\’ o conloiin gl-(")el*)
mafg Jcmi«.é (,{.(ﬂ we g(_, €t‘)
L
fLW\/L“er% dd\ J(:‘eu_ EH '{Abu N E — % \/_\ la e (éz_ wt) ) (W) &onéc:\:;@;\/‘:-
E(—f) @ E(’)

Loen . B = EPED

T. von Foerster and R. J. Glauber, Phys. Rev. A 3 1484 (1971)
Cohen-Tannoudji, Diu, Laloe Quantum mechanics vol. 1, Ch. V, complement | )
Christophe Galland, October 2019 19

Light to Create and Detect a Phonon

Optical phonon in diamond

g’%v ~ 40 THz

100 fs laser pulses

W W K ‘ single mode fiber

NA 0.8 =) 100 billion atoms = scattering probability ~10-10

Christophe Galland, October 2019 20
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Light—vibration interaction Hamiltonian
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Two-Mode Squeezed Vacuum
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Two-Mode Squeezed Vacuum
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Outline

State of the art: Mechanical Oscillators in the Quantum Regime

Milestone 1: Preparation and Readout of a Single Phonon

Milestone 2: Bell Correlations between Light and Vibrations

Perspectives: Synthetic Quantum Systems

Christophe Galland, October 2019 24
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Mechanical Oscillators in the Quantum Regime

Mechanical Frequency: 5 — 6 GHz oy .-.vw.ﬂ;;».»r-‘.jm HM
IR ST | :
Bath Temperature: 20 — 40 mK TNV EE=—SEEXIXXI]

l . I qubit electric field
—_— a

R. Riedinger, ... M. Aspelmeyer
& S. Groblacher
Nature (2016), Science (2017),
Nature (2018)...

-1+
g i @
Y. Chu, ... P. Rakich, R. Schoelkopf 1*
2 I

Science (2017), Nature (2018)

2 0 -1
Re(a)

18t milestone: Phonon Fock state generation
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Mechanical Oscillators in the Quantum Regime
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Outline

State of the art: Mechanical Oscillators in the Quantum Regime

Milestone 1: Preparation and Readout of a Single Phonon

Milestone 2: Bell Correlations between Light and Vibrations
Perspectives: Synthetic Quantum Systems

Christophe Galland, October 2019 27

Light to Create and Detect a Phonon

Optical phonon in diamond At room temperature

\\
& vE40THZ  nyperm = 1073

Laser
- ] \ | - §
Stok ti-Stok \ /
2\,\,\,.) okes Vi anti-Stokes ¥ 2\1\,\,-)
§ phonon i . §

vibration -
( ) fL=Vm fu fu +Vim  Frequency

K. C. Lee ..., lan Walmsley et al. Science (2011) Benjamin Sussman (PRL 2013, PRL 2015, Nat. Comm. 2016...)
K. C. Lee, ..., lan Walmsley Nat. Photon. (2012) M Kasperczyk, Opt. Lett. (2015); Ado Jorio (PRL 2017...) Christophe Galland, October 2019 28
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é State preparation by projective measurement

N modes: g,(\,z) =1+1/N

Aoy = kg alshy )+ h.c.

|lp5,m) & |OS' 011) + \/ﬂls' 117) + plZS: 21;) Fooa

Two-mode squeezed state

probability

After write pulse

g(z) — 2

Stokes photon

§ vibration
write laser
pulse

Photon F;equency

107 102 10°

probability
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State preparation by projective measurement

Vibrational state after heralding
P = ILXLI+ P12 P

. [ ¥sm) KTDA + VBI1s, 1) + D125, 2,) +..

0 gfjg =4p K1 é@"?A
=P Pg =15 —10)s(0

104 102 100 Stokes photon

x vibration
write laser
pulse

Photon F;equency

Christophe Galland, October 2019 30
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Vibrational State read-out

Vibrational state after heralding . ; 5 + ;
Hine = a AF + h.c.
lpv) = [1,X1s| + P12, )(20] . int . ( STY )
IOaS' 117) = Sin(ﬁ)llaS: Ov) + COS(ﬁ)lOaS, 117)
§ anti-Stokes photon
va)

y N\

read laser [/
/ A

pulse 4 N

write pulse

Photon Frequency
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1 1
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tunable OPO fs-Pulsed Ti:Sapph 80 MHZ  crristophe Galland, October 2018 32

16



820 800 780 760 740 720 700

30
single-photon detectors
20
10 . -
-
—
0 s \“*
1.55 1.60 1.65 1.70 1.75 1.80 =

16/10/2019

Sideband Single-photon Detection

custom 4-channel

Wavelength [nm] coincidence counter

Photon energy [eV] Stokes

Vienad

Tunable interference filters
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Phonon-mediated two-color quantum correlations

Delay Between Pulses

-
o
o

17 ps

N
o

time

Raw coincidences per min

=N

Time delay between coincidences (ns)
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Birth and death of a single phonon

the phonon was excited!

Stokes photon g“y

3

One phonon AN\~

N

anti-Stokes photon

the phonon was detected!

"
¥ B

10p

g§,2a) (t)

Time delay

Classical fields satisfy a
form of triangular inequality: q}

#1205 (420 82®)

v

classical

M. D. Anderson, S. Tarrago Velez
et al., Phys. Rev. Lett. (2018)

2 0 2 4 6
Time delay (ps)

8 10 12 14 16 18 20
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Phonon Fock State Preparation

Projective measurement
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§ § correlation
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Optomechanical cavity at 35 mK: g@ = 0.6 [S. Hong et al. Science 358, 203-206 (2017)]

Thermal state

G
Intensity

Fock state

T T T

1
T thermal

Sub-Poissonian

Time delay [ps]

Tarrago Velez et al.
Phys. Rev. X (2019)
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State of the art: Mechanical Oscillators in the Quantum Regime

Milestone 1: Preparation and Readout of a Single Phonon

Milestone 2: Bell Correlations between Light and Vibrations

At

Perspectives: Synthetic Quantum Systems

A

anti-Stokes
photon

vibration

A

Stokes
photon

Early time bin
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Time-bin entanglement

AT > At

§ anti-Stokes
photon

vibration
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photon

Late time bin
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E] Polarizing Beam Splitter
0 Half-wave plate
,;// Tunable interference filter

Wide band pass filter

5000

‘ Lens

: Pinhole

l Variable Retarder

/Glass plate

Single-mode fiber with manual
polarization controllers

/-CO Fiber coupler
Band Pass

Long Pass
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Two-photon interference and Bell correlations

write — read delay = 0.6 ps
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Anti-Stokes Phase (r)

mK experiments:

R Riedinger, ... S Groblacher, Nature 556, 473 (2018)
| Marinkovic, ... S Gréblacher, Phys. Rev. Lett. 121, 220404 (2018). Christophe Galland, October 2019 41

Vibrational qubit decoherence

quantum

upper bound for local realism

classical

Model inputs:
signal-to-noise (from g®@s ,s)
imperfect time overlap (birefringence)

CHSH parameter S

20

10

S-AS normalized g2

0 1 1 1 1 T
0 5 10 15 20 25
Time delay between Stokes and anti-Stokes (ps)
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Tarrago et al. Phys. Rev. X (2019)
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Summary of experimental results é

Ultrafast technique to probe
Optomechanical Quantum Correlationsﬁ ,§

Birth and Death of a
Heralded Single Phonon
at ambient conditions

Anderson et al. Phys. Rev. Lett. (2018)

Pl A d
o v o w

CHSH parameter

o
o

time [ps]

Tarrago et al. to be submitted
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